Sub-nanosecond dynamics and potential technological applications, e.g., in ultra-fast and high-density digital storage devices or microwave emission sources give rise to a broad scientific interest in the dynamic properties of ferromagnetic microstructures with vortex magnetization configuration [1] [2] [3] [4] [5] [6] [7] . Vortices appear in ferromagnetic thin-film squares where a magnetization configuration with magnetic moments pointing in-plane and parallel to the edges is energetically favorable. In the center, the short-range exchange coupling which favors a parallel orientation of the magnetic moments forces the magnetization out-of-plane.
Vortex configurations are characterized by their polarization p = ±1 and their chirality C = ±1 describing the magnetization orientation of the core and the in-plane counterclockwise or clockwise curling of the magnetization around the core, respectively. Once deflected and released, vortices exhibit a spiral motion around their equilibrium position where the sense of gyration depends on the polarization p. For small deflections, the trajectory can be described analytically as a two-dimensional harmonic oscillator [8] .
The magnetostatic interaction between spatially separated structures has to be taken into account when the inter-element distance is smaller than the lateral size of the elements [9] .
Previous studies focus on the dynamics of interacting vortices that are excited simultaneously [10] [11] [12] . In arrays of ferromagnetic disks, the resonance frequency of the vortex-core motion is strongly affected [13, 14] . However, dynamic interaction with individual elements has to be further investigated [15, 16] . For many applications, a high packing density is desired and the stray-field mediated interaction is important, e.g., with respect to cross talk in potential memory devices. Only recently, it has been shown experimentally that vortex gyrations can be induced by dipolar interaction between physically disconnected ferromagnetic disks [17] .
We experimentally demonstrate coupled vortex gyrations in pairs of spatially separated permalloy squares. The core trajectories are determined by time-resolved X-ray microscopy.
After exciting one element via a short magnetic-field pulse in the plane of the square, the stray field of the excited structure induces a gyration of the vortex in the adjacent square. An oscillatory change of the gyration amplitudes in the two squares is observed. The interacting vortices reveal a fundamental behavior known from other coupled harmonic oscillators.
Distinct normal modes for in-phase and antiphase motion of the vortex cores can be identified. The coupling strength depends on the separation distance between the squares and the configuration of the core polarizations. Note that opposite chiralities lead to an initial deflection in the opposite direction of the y-axis. of a dipole located in the center of the square. In the case of p I = p II , the sense of rotation of the stray field opposes the intrinsic sense of gyration of the vortex core in element II. It has been shown that an in-plane rotating field only efficiently excites the gyrotropic mode when the sense of rotation of the field coincides with the sense of gyration given by the core polarization [24, 25] . The stray field of a square is not rotationally symmetric, compare Fig. 3(b) . However, this analogy helps to understand the significant difference between the two polarization configurations.
For small deflections, the sum of the exchange energy and the self-magnetostatic energy of a single off-centered vortex core can be expanded in a series on the displacement |X i |. This energy contribution can be written as (κ/2) (X
, where the stiffness constant κ is a function of the geometry and the material parameters of the ferromagnetic square [8, 10, 13] .
Assuming a rigid vortex core, the equation of motion [26] describes two-dimensional weakly damped harmonic oscillations in a parabolic potential. Neighboring squares couple via their stray fields when the inter-element distance is below their lateral size [9] [10] [11] [12] [13] [14] [15] [16] [17] . The interaction gives rise to an additional energy term. Then the equation of motion describes two-dimensional weakly damped coupled oscillations of the pair (I, II). Two normal modes arise in a pair of two weakly interacting oscillators -a low-frequency mode (ω 1 ) with an in-phase and a high-frequency mode (ω 2 ) with an antiphase movement of the oscillators.
Any other motion of the coupled system can be described as a superposition of these two normal modes. For each of the two polarization configurations (p I = p II or p I = −p II ), two different normal modes are expected to occur [10] . In the following, we concentrate on the experiments with opposite core polarizations.
Only one core is initially deflected and thus a superposition of the two normal modes -for in-phase (ω 1 ) and antiphase (ω 2 ) motion -is excited. The vortex cores gyrate with the angular frequency ω + = (ω 1 + ω 2 )/2. The amplitude of these gyrations is modulated with the beating frequency ω − = (ω 2 − ω 1 )/2. This can be interpreted in terms of energy exchange between the two vortex cores [17] . Energy dissipation causes a timedependent decrease of the displacements |X I | and |X II |. [21] . No significant movement of the vortex core in element II could be observed for a normalized center-to-center distance of 2d/l = 3.5 and thus the coupling can be neglected.
In summary, we have directly observed the stray-field coupled harmonic oscillations of vortices with opposite core polarizations in pairs of spatially separated permalloy squares.
A superposition of the two normal modes for in-phase and antiphase motion has been ex-cited via a short magnetic field pulse applied to one of the two elements. With increasing separation, the coupling within the pair is notably decreased. A dependence on the core polarization configuration can be understood by considering the excitation via a rotating in-plane magnetic field.
We 
